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NATIONAL ADVISORY COMMITTEE FOR'AERONAUTIGS.
. TROHNICAL MEMORANDUM NO. 507.

LANDING AND BRAKING OF AIRPLANES.*
By Louls Breguet.

The meheuver of lending on & normal fleld with a good air-
plane presents no danger for a capable and prudent pilot. 1In
the event of a forced landing, however, a pilot may be com-
pelled to élight on a field mere or less unsultable as to smooth-

ness, size, and orientation. 1In such a case it is obvioue that

the landing may be difficult, if not dengerous.

Various devices have been proposed for overcomlng these
difficﬁlties, which will eventually dissppear of themselves
with a sultable distribution of the englne-propeller groups.
Ai;planes have been made with 1ifting propellers for taklng off
and landing vertically. Such airplanes, however, have poor
aerodynamic qualities and are exposed to very gréat danger, if
their 1ifting propellers stop or fall to function properly.

.As for normgl airplanes, it has been sought, in particular,
to reduce their minimum flight speed, which is regarded as their
practical landing speed. Perhaps too much stress has been laid
on reduction of landing speed, which obviously constltutes an
important element of safety, but which should not be -considered
exclusively. Other eleménts, such as the angle of glide and the

shortening of the lending run by alr and ground brakes, have an

*"], ! Atterrissage et le Freinage des Avions," from the supple-
ments to Nos. and 9, 1938, of "La Chronique des Avions Breguet.¥”
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Amportant bearing on the scfety of landing.

Crwapra

We propose to trest bfiefiﬁ the various aspecte of this
questlion. We shall, however, oonslder oqu land ailrplanes, be-
cause the case of seaplanes 1s qulite different. For the latter,
the area for alighting is seldom restrloted or surrounded by

obstacles.

Landigé.— Landing maneuvers may be divided into three
phases: .

l. Gliding descent;

2. Levelling off near the ground;

3. Making contaot with the ground, taxylng and stopping.

We will analyze these three phases.

Gliding descent.- In this phase the gas and ignltlon are

swltched orff, and the propeller functions as a windmill and

adds a certalm structural drag to the drag of the alrplane proper.
Let ™ rTepresent the polar curve of the alrplane (Fig. 1)

under these conditions. Let X denote the point on this curve

corresponding to the regimé considered; P, the weight of the

glrplane; and 8, the wing area. The flight speed V 1s then

.Y.=/3—P":’
7 8 oM

the segment OM =,/ cy® + o, being, moreover, practically
equhl, on the polar, to the segment Of = o,.

determined by formulsas
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The inclination 0 of the flight path 1s equal to the angle

f e . mem =

¢ whioh O makes with the axis cj;. On designating the 1ift-

drag ratilo (cx/cz) at the regime considered by ten ¢, 1t is
obvious that

tan 8 = tan @ = EE.

Lastly, the vertlcal speed of descent b equals V sine._

V, 6 and v are three important elements in giiding flight.

When a pllot sights his lendling field the accuracy of{ﬁis course
is improved 1n proportion to his angle of glide 6. Moreover,
this enables him to clear an object of height H (Fig. 3) at
the edge of the field by directing hls course toward a.polnt A
nearer the obstacle, since D = 155%1;-

Simultaneously with the increased angle of glide €, 1t is
obviously advantageous to reduce the flight speed V or the
vertical speed of descent (v = V sin 6).»

" There are four distinct regimes of gliding descent.

l. Regime of minjmum speed V.~ This corresponds to the

point M, for which OM 1s the maximum. This point 1s found
a little to the right of the point M of the polar (Fig. 3)

for which c¢; 1s the maximum, 1In practice it 1s necessary to

" #It .cannot be denied that the reductlon of the minimum angle of
glide 0g = 95 18 also of consldersble importance. If, in
cross—~country flight, engine trouble develops at a certaln alti-
tude, the farthest points attainable by gliding are at a distance
proportional to cotan & and the area wlithin which the pilot
can seek a propitious landing field is proportional to (cotan € sf
While trying to 1ncrease the maximum angle of glide, we must also
try to reduce the minimum angle of glide as muoch as possible.
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disregard the portion of the polar sltuated to the right of M,.
We shall therefore replace M, by M,, the difference 1n the
corresponding speeds belng negligible.

3. Regime of maximum slope 8 .-~ The descent can be made at

90°, corresponding to the points M, or Mi'. The point M,
corresponds to an lmpossible regime (descent in the horigontal
position) in whioch the airplane possesses nelther stabllity of
flight nor efflcacy of the controls. The point M}' ocorresponds
to a vertiocal dive, l.e., to an extremely swift reglme. Practi-
cally, ln order to descend at the slow regime and at the maximum
slope, it 1s necessary to fly at the regime M,, the useful lim-
1t of the polar corresponding precisely, from what precedes, to
the practical minimum of the speed V. It would not be prudent,
however, to fly at this regime, since the airplane would then

have no protection, i.e., no sufficient margin of control.

3s Regime of minimum' vertical speed v.~ Here we have

P cx . 1
= i = 77— S "a/5 — !
] ) v =1Vsind v .g. g (cg)®? (1 + tarfo) & g

.Taking 1l + tar®? equal to unity, whioch 1s practiocally true for
I'_ the regimes considered, the minimum of v corresponds to the '
minimum of ox/0g®?, 1.e., at the regime of minimum power nec—
essary for horlzontal flight. The corresponding polnt M, 1s
therefore necessarily situated between the point M, (maximum

of o0, or minimum of V) and the point M, corresponding to
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the minimum coefficient of glide tan @ and consequently to the
minimum angle of glide 6. N

4. Regime of minimum glope (or angle of glide).—~ This is

the regime M; oorresponding to the minlimum coeffiolient of
glide (or L/D ratio) tano.

Let us sse how the various regimes are affeoted by modifioca-

tions of the polar ocurve m. For existlng alrplanes, the polar

ourve T, between the polnts M; and M;, ocan be assumed to be
a portiom of a parabola, whose axls coincides wlth the axis of

the abscissas. Cx and of the equation
cx = a+ b oz

The limiting ordinate of this parabola 1is czu, which can be
teken as coinclding with the point M, of the real ordinate

-.ozn sltuated by hypothesls beyond l,. By alwsys teking
1l + ten3®9p equal to unity, for simpliclty, 1t 1s easlily seen

that the principsl regimes, as defined above, are characterlzed

g8 follows.
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_ TABLE I.

Regilime- - Oy -~ - tang = tan®-
R.eSime ¥y Og, = /% _ tangg = 2./ &b
(minimum of 6) -

Regime M
(mini ‘f y Cz, = /3 Cg, ten@, = 1.16 tangg
minimum of v
Regime M .
maximum of 6) 2 < 6, = Opax
TABLE I (Cont.)

Reginme v v = V¥V sin@

Regime g V. - b . =BEb
= A

(minimum of 0) &
Regime M,

Vo, = 0.76 ¥V v, = 0.88 v .
(ninimum of v)
Regime U Gz
(minimum gf V and Va f_vi v =V, 3_1
maximum of ©) V2 = Vmin Zg

Let us conslder another polar, likewlse éonetituting a
parabola for the region_qonsidered. It cen be derived from the
preceding parabola by two sucesssive transformetions, & homoth~
ety with respect to the point O and a translation parallel to

the axis of the absclssas oyxe -We shall examine these two trans-

"formaxions successively.

r

&) Homothetic transformation.- The arc Mg M, of the par-

abola T is transformed into the axc M}' uj', homothetic with




m 1is transformed into

(Fig. 4) following the
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respect to O, 1in the ratio A of the parabola n'. For this
new polar, of the equation _
cxl = al\ + % cxal
the reglmes of gliding flight are characterized as follows. -
TABLE II.
Reginme Cy tan® = tanb
Reglime ! .
IEE Czs' =0 GZE tanes' = tﬂ.nes
(minimum of 6)
Regime M,!
Cz‘l = A\ Cz“ tanG,' = ta.nB.,
(minimum of v)
Regime M_!
(practical min. of V cz,' = A\ cg, tan@,' = tano,
and max. of 6)
TABLE II {Cont.)
Regime v v =7V s8in 6
- —
Reglime Mg v,1 = v, v = Ve
(minimum of 8) A J A
Reglime M ! - v,! = Ve
(minimum of v) *  JX .J-)\
Regime M_! o
(practical min. of ¥V V! = Ya_ vl.= o2
and max. of 6) AN SR
b) Translation of polar.- The aro 'ME' M, of the perabola

the arc M;" M," .of the parabola ="

axls cx and separated from the former
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by ¢ oonstant distance Aa = a" - a. For this new polar, of the

LS v - =

" equation

" ‘“+b°za“,

Cx

the regimes of gliding flight are charaoterized as follows.

TABLE III.
Regilime Oy T tanp = tané

Regime "

& % oz," = Oz, -&1 tenf; * = tanb, .:."-—1.
(minimum of ©)
Regime M "

& ‘ Cg = Cg %'-'-'- tane"' = 'ba.n94 'g—“'
(minimum of v) ¢ *
Regime X"
(practicaf min, of v cg " = og,

and mex. of 0)

TABLE III (Cont.)
Regime v - ' v =1 sin@

egime N '
Reg B vsn = vs .3‘.'". Vs" = Vg
(minimum of 6)
Regime M 7

. ¢ V' =7, %ﬂ' V=V,
(minimum of v)
Regime M " ) _
(praoctical min. of ¥V Vat' = Vp

and max. of 6)

'hEvery parabolic polar ocan be derived from another by a
homothety followed by & translatlon. The preceding tables show
the resulting modifications for the principal regimes considered

above.
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In partloular, 1f we conslder the regime of minimum verti-
cal speed, which practically colncides with the regime of best
climb, we see that the homothety reduces the speed (V, and v,
becoming V,'! and v,') without altering the descending slope,
whlile the translation changes both the slope and the flight
speed without affecting the vertical speed (Fig. 5).

The deformatlion of a polar by homothety closely approximates
the result obtained by providing a wing wlth sultably disposed
slots and auxillary allerons. The deformation of a polar by
translation parallel to the oy axis ls the one obtained by
adding the structural drag or by causing the propeller to act
aB a brake in such manner as to produce a breking effect propor-
tional to the square of the speed, which 1s obtalned by varying
the revolution speed of the braking propeller in proportion to
the speed of the alrplanse.

An airplene necessarily glides at a regime appreciebly
swifter than that of maximum 1ift, both to preserve =z sultable
~controllablllity and to malntein a sufficlent momentum for level-
ling off near the ground. In practlice it haos been found neces-
"sary to glide at about 3/3 of the maximum 1ift. For an ordi-
naxry airﬁlane, this corresponds closely to the regime ¥, ,, 1l.e.,
to the regime of minimum vertiocal speeda.--

Therefore the homothetic transformation of the polar enables
" the reduction of Vg or v, without altering the corresponding
angle of glide. The tronslation of the polar makes 1t necessary
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-

- to malntaln the value ¢y = Oz, of the 1i1ft, whioch represents

the chosen fraction of the maximum 1ift., 1In thls ocase the tan-
gent of the angle of glide 1s increased by the quantity

As a' - a
tand = = ——
Atan oz, oz,

without appreciably affecting the flight speed.
As an lllustration, let us consider an airplane descending

in the regime M, at an angle of 5° (tan 6, = 0.1) with a speed

V, = 114 km/h (70 mi./hr.), P/8 = 50 kg/m?® (10 1b./eq.ft.),

oz, = 0.8, 1.e., With-a vertlcal speed of v, = 3.3 m (10.5 ft.)

per second. Table IV shows the effect of the various possible
modifications of the polar of this airplone on the angle of de—
scent 0, on the flight speed V, on the vertical speed v

and on the horlzontnl distance D <traversed in descending a ver-

tical distance of H = 50 m (164 ft.).
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TABLE IV.
o Regire of gliding flight
" Modificatlons made cg = constant fraction of max. 11f%
in the airplane V |v=V sin@ | D=H/%tan6
® |%en8 um| w/s (H=50 m)
a) Reference airplene 5°401({0,10|114 3.2 500

b) 8truotural drag repre-

sented by Acy=0.04 prao- 0 ;
tlcally doubf?ng e 8930!|0.15[113 4.7 333

drag of alrplsne.
c) Braking effect of propel-

ler represented by 18° 0'|0.30 |111.5 8.9 168
'A Gx=0.16.
d) sum of b + o 1992301 (0,35 [111.0 10.3 143

e) Homothetlic transformation
of the polar in the 5040'|0.10{ 80 2.26 500
ratio A = 3.

f) Sum of b + o + e. 19920t {0.35 | 78 6.35 143

This table, given only by way of 1llustration, shows the ef-
fect of the methods of inoreaslng the head resistance or drag
of the alr (by means of supplementing retarding devices or by the

_propeller) on the reduction of D and the effect of the methods

of amplifying the polar (by slotted wings, for example) on the
reduction of V and v. It 1s important to reduce not only V
and v, but also D. It 1s obviously desirasble to devise, if
possible, a judlcious combination of these various methods of
modifying the polar in gliding flight,

" We must not forget, however, that 1t 1s deslrable to in-
crease the L/D ratio at the regime of gliding flight for land-
ing, which can be aocompliéhed c.vnly by methods lncapable of im-
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pairing the L/D zratlo at the regime of normsl flight. Though
this condition is very importa.'l;t for _mﬁ.intaining the excellencse
of an alrplane in normal flight, 1t is rather difficult to sat-
isfy. '

Levelling off preparatory to landing.- This phase extends

from the moment the pllot abandons, near the ground, the regilar
regime of gliding flight up to the moment the alrplane. touches

the ground. 1In ordsr to describPe the corresponding flight path
AB (Fig. 6), the pillot gradually noseé up his cirplanes, which
reduces the angle of descent and the speed. At any instaont, on

projecting the acceleration of the center of gravity of the alr-

- plane and the external forces on the speed and 1ts normal, we

have
E. %.% = P sin® - cyx % sv=, (1)
%ﬁt:czgsva—l’cose. (3)

Equation (2), in which R (the radius of curvature) is positive,

showa that

oz-gsv’> P cos @,

l.e., that the speed 1s greater than that of regular gliding
flight for the 11ft ' oz From this inequallty we deduce

Ox g SV = tano oy -g 8V > P cosb tany = P siné %f:%%-

The ratlio tanp/tan6, equel to 1 at the point A, keeps lncreas-—
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ing along AB, because tan® increases (dus to the gradual lev-
elling off of the alrplane) and tané "decresses. As a Tesult

Ox g 8V > P sinb

and equation (1) shows that dv/dt is negative, i.e., that the
gspeed V goes on diminishing.

The whole art of plloting, for a correoct landing, comnsists
in levelling off gradually along AB, 8o that the flight path
1s tangent to the ground at the point B and so that, at thls
polnt:

a) the 11ft ¢, is practically maximum;

v) the curvature (1/R) of the flight path is practically
zero, these two comditions serving to render the speed Vg at
the point B as near its minlmum as possible;

c) a slight supplementary mosing-up of the alrplane, ef-
fected by pulling rather abruptly on the control stick, causes
it to touch the ground with the tall skild or simultaneously with
the tall skld and wheels in such manner as to avold any rebound-
ing of the alrplane from the ground.

In order to realize the paﬁﬂ AB, 1%t is obviously necessary
to have sufficlent reserve lifting power at the.point A. TFor
this*réason, as we have already mentioned, a regime of gliding
flight considerably below that of the maximum 11ft must be
adopted. '

The cpmplete solution by caloulation 1s too difficult to be
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. attempted here. Horeover, the gkill and ability of the plilot
greatly affect the length of the flight path L ond of the drop
h during the process of 16velling off on the arc. AB. ' We shall
therefore content ourselves with assigning approximate volues to
these quantities, simply to enable us to estimate the effect qf
varylng the essential cha.ra.cterietios of the airplane.
-Let V, and V, represent the speeds ot A end B and let

6, represent the initiel angle of glide at A. By applying the

momentum theorem to the airplane on the path AB, we obtain

P % -V _ o 1y
E 5 B -m-p [tancp(oose +1 n--)] Lo (3)

This equation, involving a certain mean value of the funotion

2
tamp(cose +—é- %—), renders it posslble to link L and h to

the initial and final speeds V, and V;. In order to caloculate
L or h, 1t would be necessary to establish a second relation
between them, For simpllclty, let us assume that the arc AB

(Fig. 7) is comparable to the arc of a circle. Under these con-
ditlons

h=Dtan9-§-

and, since 6,/3 1ip always very small,

2 h

L=D =
tan 6,

On the other hand, we have assumed that one flies, 1n a

gliding descent, at a 1ift Oz:. which represents a certaln frao-
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tion k of the maximum 1if$ ogzy (k< 1 ond, for example,

% = 0.65). Let us nssume that the 1ift is the greatest

(c:z'3 = oz:u) at the point B and that the 1lifting foroce exactly
balancés the weight, i.e., that the real curvature of the flight

vath .becomes zero. Under these conditions

Cg
oza = czn = _EL

and, considering cos® as unity,

v1=va'6;:=%vaa. (5)

On taking equations (4) and (5) into account, equation (3) en-
ables us to calculate L. or D and h, obtalning

1l _
hepe 3 n_3 T (- 1)
tanf, tang, 3g 2 1 va\
[ta.n91 tang (ooee + g R ) m.;a.n

If the above-~defined levellling—off path AB of a given alr-
plane is known, 1t is easy to see how it i1s affeoted by changes
in the airplane polar.

a) lLet us assume a homothetlc transformetion of the polar
in the ratio M. The flight paths are then gimilar in the ratio
of the squares of the speeds at the homologous points, i.e., in

the ratio 1/, and we have h! = h/A and D! = D/A.

b) Let us assume a translation of the polar parallel to

the oy axis and equal to a'" — a. BStarting from the same point,
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the two airplanes will have the same speed at the same level,
1£';h;§ ;i;d;x 11£ts Cy and cg" such that oy/sind =
ox"/sineﬂ. After descending from the helght h, their respect-
ive flight paths will have a zero slope (6;" =6, = 0), the
same speed and an infinlte radius of curvature. It 1s obvious,
therefore, that the helght h, of the levelling-off path is

the same for both alrplanes and that the corresponding horizon-

tal distances D and D® are such that

D
1+(a "a'\

mea.n

D" =

Let us apply these results to the above numerical example.
For the chosen reference alrplane, we may assume that
V, = 91 km/h (56.6 mi./hr.), h =9 m (29.5 ft.), and
D =180 m (590 ft.). Table V is based on the same hypotheses

as Table IV.
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- TABLE V
- Leviélling-off charaocteristics
Woaific,2tilons Slope at | Spesd ¥ Spoed ¥
origin at origin on landling
the alrplane tan g = xm/h ¥m/h
a) Reference alrplane 0.10 114 91
b) 8tructural drag repre-

practiocally doubling
minimum drag of airplane

o) Braking effeot of propel-

ler represented by 0.30 111.5 ' 91
A cx = 0.16
d) Sum of b + o 0.35 111 91
e) Homothetlc transformetion
of tge polar in the ratio 0.10 80 64
A =

f) Sum of b+ c + e 0.35 78 84
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TABLE V (Oont.)
Levelling off characteristics

Modiflcatlons

zade in | Beignt in HoTizontal
meters distance D
the alrplane in meters
&) Reference airplane _ 9 180
b) Structural drag represented
by Aox = 0.04 practically 9 143
doubling minimum drag of
alrplane
o) Braking effect of propeller 9 113
. represented by Acx = 0.16
d) Sum of D + © 9 110
e) Homothetlc transformation of 4.5 90

the polar in the ratio \ = 3
f) sumof b+ c+ e 4.5 55

Thls table shows how the use of braking devices shortens
the horizontal length of the flight path during the levelling
off and how the amplification of the polar reduces the height
and the horizontal length of this phase.

0f course it 1s necessary to consider the phase of gliding
descent preceding the levelling off, when there is occaslon to
clear an obstacle whose height H 1s greater than the height
h of the levelling-off phase. For example, let us suppose
that one wishes to clear an obstacle of height H = 30 m (98 ft.).
For the horlzontal dlstance D netween the obstacle and the

point of contact with the ground, he then finds the followling
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~ values: —~---. - . . ———
Cane & D= 380 m .
" b 860 ¥
" o 183 "
" da 170 ¢
f o 345 n
" f 128 *®

0f course these horizontal distances are determined on the sup-

posltlionr that there is no wind and that the flight path is en-

tirely included in a given veritlcal plane.

By landing in a head wind or by descrlbing a curving flight
path on both sides of a mean vertical plane, the pllot can re-
duce the distance D, but the horizontal projeotion of the ac-

" tual flight path remains practically equivalent to the above
figures, thus demonstrating the lmportance of braking an alr-
plane in the alr, 1ln order to land in a limilted space bordered

by obstacles.

Braking an airplane on the ground.— After an airplane has
landed, it has the speed V?® and is supported chiefly by its

wheels and tall skid. The problem.of braking on the ground
then coneistes in stopping the airplene within as short a dis—
tance as possibls.

s ..The forces actlng on the airplane are: +the weight P ep-
rlied ab the center of gravity é; the total serodynamio reac-
tion R, of components Ry, R; and lever arms & with refer-
ence to G; the braking force F of the propeller, practically

horizontal with lever arme d with reference to G; the normal
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reactlon Npg and the tangentlal reaoction f Ny of the ground
on the skid; the normal reaotlon N and the tangentlal reac-
tion p Ny of the ground on the wheels (neglecting the couple
P of the rolling friotion of the wheels on the ground). The
poslitive directions of the various foroces are indicated by the
arrows in Figure 8. The equations for the horizontal motion of

the center of gravity are:

P 4y

L I - Ll —f

s a F-Ry -plNp ¥ (1)
O=Rg+ Ny +B8g—-P, (3)
O="Fd - R6 + (a -~ uH) N - (b + fH) Np (3)

In order to verify equation (3), that is, for the skid to
touch the ground (¥g > 0), it is obvious that the aerodynamic
couple RS must have a sultable value, which the pllot obtains
by a sultable deflection of the elevator, We then have:

Fd - RS

- a- uH
L+ (f-u)H

L+ (f-u)H

.5 + (P - Rgz)

We will assume that the skid remains in contact with the ground,
that 1is, that Ny 1s effectively posltlive. Under these oondil-
tions the angle of attack is fixed and corresponds to the atti-
tude of the airplane on the ground. We shall ocall this the
"ground angle of attack."”

Aspuming 4 and f +to be fixed, equation (1) (on elimi-
nating Ny and Np, determined by equations (3) and (3) may be
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wrltten

oI
2
]

(4)

(Fa - R6) (f - ) fa + ub |
i e N (AT ( R")1.+(f—u)H
The airplene loses momentum on the ground in proportion as the
absolute velue of the negative dV/dt continues to increase.
It is important, therefore, to give the term

(Fd —~ RS) (f - p)
L+ (f-p)H

the greatest possible positive value. In fact, this term is of
little lmportance, because 4 and § are both small and. f-p
ls a very small factor. In order to simplify the problem, we
shall neglect this unimportant term (which, moreover, approaches
zero with the speed YV, 1f the propeller does not continuously
act as a brake with a positive lever arm d). Equation (4)

then becomes

PAV _ _ o _ - _ fa + ub

or, by putting

fa + ub -
L+ (£-1)H ¥ (€)

and designating by Oxy, and o2y the aerodynamic coefficlents
for the ground angle of attack,
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b
g

&%

= - (P4+¥P) - (o, - ¥og) 587 (7)

For simplicity, let us a.ssume' that the force F 1s con—
stant or that F denotes the mean value of the braking foxrce
of the propeller during the landing run. Let D represent
the length of the run.- The speed V equals dD/dt. Replac-
ing dt by dD/V 1in equation (7) and integrating, we obtain,

for the landing rum,

P/s ogl"+\er+-g-SV,a (cxy ~ ¥ cxy)

D = 1
pg (oxy, = ¥ ogp) F +¥yP

or, by introducing the 1ift Oz, corresponding to the landing
speed V¥, and designating the ratio F/P by X,

_ P/8 " Oxy_ = ¥ Ogy '
D= pg (cx, ~ ¥ og) Log [1 T A ¥) og, (8)

In this formula, Cgy is evidently smaller than or at most,
equal to Cy_ > since this 1ift is assumed to be equal to tl?,e
maxlmum,

It is easy to show that D 1is a constantly decreasing
function of the difference oy, -  § Cgy» Which 1% is oonse-
quently lmportant to make as large as possible, in order to re-
duce D &3 much as possible. Thus, 1f ¥ 1s fixed, it 1s im-
portant to have, at the ground angle of attack, a strong drag
Oxy, ond & small 1ift ogy. In general, however, og, is also

inoreased by inoreasing Oxye
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On ordinary coilrplanes the ground angle of nttack is deter-
mined. beforeshand, and the above condition can be satisfled only'
by the additiom of supplementary drag, which 1s purely struc-
tural or even detrimental to the 1ift, showlng that ailr-broking

while taxying requires aerodynamic chaeracteristios partizlly at

variance with those required for alr braking before contach.
with the ground, for reducing the landing speed.

Lastly, equation (8) renders it possible to investigate
the varistion in the length D of the landing run with V,
that 1s, with the braking coefficlent on the ground. Without
entering into any intricate mathematical discussion, we will
slmply state that, whatever may be the values of Ozys Oxps ©
Czy and X, 1t is always important to make ¥ positive and
not too small. It 1s not certain in advance, however, that 1%t
1s always important to make V¥ as large as possible., Oalcula~

" .tion at least renders it possible to determine this definitely
in each particular case.

The coefficient V¥, as defined by equation (6), is a sort
of flotitious or over-all coefficient of braking on the ground,
which simultaneously includes the frlotional effect of the
ground on the wheels (i) and on the skid (f)- and takes into
account the position of the center of gravlty with reference to
the points of contact A and B of these parts with the ground.
For example, We may take f = O.4 for a yleldlng skid on an

average soll.
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For sklds which take hold more strongly, very high values

_of £ may be attained, but it would seem that such skids
should be prohlblted, in order fo avold tearing up the landing
fields. A speclal brake might be mounted on the plow of the
skid for occasional use in cases of emergency.

On well-kept fields and for ball-bearing brakeless wheels,
b may -ha.ve values between 0.04 and O«l. For wheels with drum
brakes similar to the ones used on automobiles, u may be as
high as 0.3. On bad ground these figures may be increased, but
the taxying then becomes irregular and the risk of capslgzing
too great for the theoretical calculation of the landing run
to be of any practical importaﬁce.

To glve an idea of the poessible values of ¥, we will

take the example of an alrplane for which
a = 0.83 m; b = 5.6 m; l=a+b=6.43 m;
H= 1.7 m

Assuming the wheels to be brakeless and taking f = 6.4 and

B = 0.04, we have V = 1!1 = 0,078. Then u@ng the wheels

to be braked to the maximum and taking f = 0.4 and W = 0.3,
#e have V¥ = ¥, = 0.306. From this example we see how the par-
ticipa.tion of the tail skld in the braking on the ground renders
the - variation of the over-all-ocoefficient of fria.tior_:r\lf d:l.ff_er—
ent from that of the coefficlient W of the wheels and is only
modified by the braking of the latter.
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If the two above—oalculated valuee of ¥ (with and without
wheel bra.kes) aJ:e applied to the oalculatlion of the landing rum
of the alrplane already considered, we obtain, on assuming the
ground angle of axtadk to be equal to that of the maximum 1if$
(ozp = 0z,), the following results:

TABLE VI.
Cases in Tables IV and V | Landing run in meters
Without wheel brakes | With wheel brakes
‘h=0- 078 \|’3 =0, 308
Case a 340 166
n b 300 89
U o (braking force of
propeller is assumed to ’
be P/5) 106 80
Case d 104 7
" e 170 83
n £ b4 51

On this table, which 1s given only by way of 1llustration,
we see how the landing run is shortened by the whgel brakes.
This device obviously loses some of 1ts importance, when we have
other powerful means of braking, like the one consildered 1in Case
o (propeller with very strong braking effect). It is likewise
obvious that the devices for ampllfying the polar, such as the
slotted wing (Case e), considerably reduce the landing Tun.

With the latter device, however, the wheel brakes retaln all
theilr importance.
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Summary and Oonclusions

In the numeriocal examples, we have consldered an alrplene
landing in calm air in a fixed direotion after crossing the bor-
der (with 1ts obstacles) at a height of 30 m (98 ft.). 1Its stop-
ping point is at a distance D from the obsta.ole., comprising:

A distance D, 1n regular gliding flight;

A distance D; in levelling off;

A digta.nce I, 1in taxying on the ground.

The calculations enable us to make out the followlng table,
which gives an idea of the improvements to be expected in the
use of the various possible methods of braking in the alr and
on the ground.
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TABLE VII
i Horigontal distances trav-
meoc e e ersed (in meters) after
i clearing obstacle 30 m
. high.
Modificatlions made I )
! ~ in the airplane D, | D: [§ithout| With

wheel wheel
brakes | brakes

a) Reference airplane | 310 | 180 340 1686

M MR S
cy=0. ou .
11n§_minimum drag 140 | 143 300 89
of airplane .
(A) ’
Braking <
in c) Add braking pro-
the eller in flight
alr AOx—_Ools) exert- 70 113 106 80
ing on the ground, . ]
a breking force
of P/5

d) Add b+ o 60 | 110 104 77

(B)
Amplifiocation e) Transform polar
of the by homothety in 355 80 170 89
polax the ratio A=3

A+ B f) Add b+ o+ e 73 65 54 b1
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TABLE VII (Oont.)

Horizontal dlstances
- traversed (in meters)
after clearing obsta-

Modifications made cle 30 m high.
in the alrplane Total distance D
Without With
wheel wheel
brakes brekes
[ a) Reference atrplane 730 . 556
b) A%? passiv? drag
0x=0.04) doub-
11n§_min1mum dreg 583 378
of alrplane
(A)
Braking
in < c) Add braking pro-
the ﬁfller in flight

ing on the ground,
a braking force

of P/5
d) 4dd b+ o 274 247
.
(B)

Amplification e) Tramsform polar
of the by homothety in 515 434

polar the ratio A=23
A+ B f) 44 b+ oc + e 183 179

In the above landing problem, 1t 1g important to note that
we assumed a very gentle levelling off, i.e., with a very moder-
ate centripetal acceleration. On the other hand, we assumed
fhat the landing fleld was a good one for taxying. The ocalou-
lated distances D waocordingly represent values near the maxi—

mum for the various cases.
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In Table VII, we notlce that the methods (A) of braking in

the aiTr are of considerable importance for landing on a small

field surrounded by high obstacles. -

Oase e, resulfihg from a hypothesis. (A = 2) very favora-
ble to the method (B) of the amplification of the polar ourve,
shows that this method, under the preceding raxio and despite
the reduction effeoted in the landing speed, is decidedly in-
ferior to the methods under (A), namely, Oase b, with whesl
brakes, and Case ¢ and even Qase d.

Moreover, 1t 1s lmportant to arrange the breking surfaoces
or propellers in suoh manner as to furnish a 1lifting component
and, in general, to combine Judlolously the various methods in
such a way os to derive the maximum efficaay from each.
Translation by Dwight M. Miner,

National Advisory Committee
for A aronautios.



-

TN

N.A.C.A. Technical Merorandum MNo.507 Figs.1,2,3 & 4

”)..)
L)
:l“l‘\ ,
RIY)

i

G/

Fig.1l -

Fig.3



N}A.C.A. Tachnical Momorandum No.507

a,ton ©; = tan 6,’
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